The transmission and reflection coefficients of a carbon nanotube with a scatterer are calculated in a tight-binding model. The result obtained in a k·p scheme is shown to be essentially valid, including the complete absence of back scattering for scatterers with range larger than the lattice constant, unless the strength of the potential becomes comparable to the band width. When the potential strength is comparable to the band width, a resonant enhancement of back scattering appears and the result becomes completely different from that in the k·p scheme.
§1. Introduction
A carbon nanotube (CN) is a new quantum wire consisting of rolled graphite sheets. 1) Because the distance between adjacent sheets is much larger than the distance between the nearest neighbor carbon atoms, electronic properties of CN's are determined essentially by those of a single-wall CN. A single-wall CN has also been synthesized. 2, 3) The purpose of this paper is to study impurity scattering in metallic single-wall CN in a tight-binding model.
Transport properties of CN's are interesting because of their unique topological structure. There have been some reports on experimental study of transport in CN bundles. 4) Measurements of magnetotransport of a single nanotube became possible. 5, 6) Recently transport of a single-wall CN was observed, 7−9) where experiments show large charging effects due to nonideal contacts or bending defects. Tunneling probabilities of a finitelength CN 10) and a connection of different CN's 11−15) were calculated. The conductivity was calculated also in a constant-relaxation-time approximation in the absence of a magnetic field. 16) The magnetoconductivity was calculated using the Boltzmann transport equation 17) and in a transmission approach 18) for a model of short-range scatterers. The results were shown to have a close connection with transport in a two-dimensional graphite sheet. 19) In a previous paper, 20) effects of impurity scattering in CN's were studied in detail and a possibility of complete absence of back scattering was predicted and proved rigorously except for scatterers having a potential range smaller than the lattice constant. This intriguing fact was related to Berry's phase acquired by a rotation in the wave vector space in the system described by a k·p Hamiltonian which is the same as Weyl's equation for a neutrino.
21)
In this paper the conductance is calculated for an impurity with a model potential in a tight-binding model by varying the strength of the potential. The result confirms the absence of back scattering when the potential is sufficiently small, i.e., the maximum value is smaller than the typical width of the conduction and valence bands. When the potential becomes strong, a small probability of back scattering appears. It can be partly explained by higher-order Born scattering in the presence of higher-order terms in k·p perturbations giving rise to a trigonal warping of the bands.
21) For a sufficiently large potential, the back scattering probability is enhanced resonantly at some specific values of the potential strength and range. In §2, the model and the method of the calculation are discussed. The results are presented in §3. A summary and conclusion are given in §4. §2. Model and Method Figure 1 shows the structure of a two-dimensional graphite together with a corresponding Brillouin zone. A unit cell contains two carbon atoms denoted as A and B. The coordinate system (x, y) is chosen in such a way that the x axis is in the chiral direction, i.e., the direction along the circumference or the chiral vector L, and the y axis in the direction of the axis. In the following, we consider an armchair nanotube with chiral angle η = −π/2. We use a tight-binding model with a nearestneighbor hopping integral γ 0 and a lattice constant a.
The armchair nanotube is known to be always metallic and have two bands in the vicinity of the Fermi energy crossing at k y = 2π/3a (K point) and k y = −2π/3a (K' point) as shown in Fig. 2 . We shall calculate a scattering matrix S = (S nm ), where m and n denote in-coming and out-going channels, respectively. In the vicinity of ε = 0, we have two rightgoing channels K+ and K +, and two left-going channels K− and K −. We shall write the scattering matrix as
This scattering matrix is calculated numerically using a recursive Green's function technique 25) as in a previous work.
14)
In terms of T matrix defined by
2) with V the impurity potential, ε the energy, and H 0 the Hamiltonian in the absence of an impurity, the scattering matrix can be written formally as 
where A is the length of the nanotube, and v m and v n are the velocity of channels m and n.
In the presence of the time reversal symmetry, we have the following relation between the matrix elements of the impurity potential:
6) where ψā = e iφa ψ * a and ψb = e iφ b ψ * b are the states obtained from ψ a and ψ b , respectively, by the time reversal operation, and φ a and φ b are appropriate phases of the wave function. If we choose the phase such that the eigenfunction for the state K − is complex conjugate to that for K+ and that for K + is conjugate to K−, we can show, using eqs. (2.2) and (2.6),
where r 1 , r 2 , r 3 , r 1 , r 2 , r 3 , t 1 , t 2 , t 3 , and t 4 should satisfy the unitarity conditionS +S =SS + = 1. In general, the scattering matrix can be written in terms ofS as
where e iφ± and e iφ ± are determined by the phase of the wave functions. In particular, we have |r KK 
In the Born approximation, we have
Exactly at ε = 0, the wave function in the k·p approximation is exact in the absence of an impurity and the matrix element is exactly the same as that given in the previous paper:
where ω = exp(2πi/3), √ 3a 2 /2 is the area of a unit cell, and V (R A ) and V (R B ) are the local site energy at R A and R B , respectively. The above results show that we have r * Depending on the symmetry of the system, we can show various relations among the transmission and reflection coefficients in a manner similar to above in arm chair nanotubes. In the presence of a mirror symmetry around the x axis (y → −y), for example, we have
The same is applicable in the presence of an inversion symmetry around a mid point between neighboring carbon A and B sites. In the presence of a mirror symmetry around the y axis (x → −x), on the other hand, we have r KK = r K K = r KK = r K K = 0. 15) We have also |r KK (−V )| = |r K K (V )| and |t KK (−V )| = |t K K (V )| for arbitrary V , corresponding to the presence of the symmetry of the energy band around ε = 0 in the tight-binding model.
As a model of a scatterer, we consider an anisotropic Gaussian potential with its center at a B site and its range d which is much shorter than the circumference length L. The local site energy is given by
12) with the maximum of the potential
where f (d/a, c) is determined by the normalization condition:
where R A and R B are positions of A and B atoms, respectively, R 0 B is the impurity position, and √ 3a 2 /4 is the half of the area of a unit cell. An equi-energy line is given by an ellipse whose major axis is rotated from the direction of the x axis by θ. For c = 1, eq. (2.12) reduces to an isotropic Gaussian potential used previously.
20)
For the present model impurity potential, we have following relations:
(2.15)
In the limit of short-range scatterers, i.e., d a, we have
In the limit of long-range scatterers, i.e., d a, on the other hand, we have
Except in the isotropic case c = 1, we have u A = 0 because of the absence of symmetry under 120
• rotation. In the conventional k·p scheme, intervalley terms can be neglected and the impurity potential appears only as a diagonal term, when the impurity potential has a range much larger than the lattice constant. The results obtained in this long-range limit within the k·p scheme can be summarized as follows: 20, 21) In the lowest order k·p theory neglecting terms of the order of (ka) 2 , this potential cannot cause back scattering. When a higher order k·p term giving a trigonal warping of the band is included, a weak back scattering appears usually in a higher order Born approximation for ε = 0. For ε = 0, back scattering becomes possible even in the lowest order Born approximation except in armchair nanotubes. In an armchair nanotube and for impurity potential having a mirror symmetry about a plane containing the axis of the nanotube, however, the back scattering is not allowed up to an infinite order of Born series.
§3. Numerical Results
In the following calculations, we shall consider a thick nanotube L/a = 50 √ 3 and vary the strength of the potential V 0 in the range −3 < V 0 /γ 0 < 3. In the k·p scheme, the strength of the potential is characterized by the parameter u/γL. 18) We have 3 . The origin of this dependence remains to be understood. Higher order effects and therefore the back scattering become appreciable when V 0 /γ 0 > ∼ 0.5. There seems to be a resonant enhancement of back scattering at a certain potential strength in the region V 0 /γ 0 > 1. Figure 6 shows the calculated reflection coefficients for an anisotropic scatterer (c = 2 and θ = π/3). For small V 0 /γ 0 the intervalley coefficients |r K K | and |r KK | increase roughly in proportion to V 0 /γ 0 following the lowest Born result, but they become different from each other due to higher order effects. Around V 0 /γ 0 = 0.007, |r K K | exhibits a sharp dip. This is a result of an interference of the lowest Born term and higher order terms presumably arising from the absence of the mirror symmetry around the y axis combined with higher order k·p terms. The intravalley term |r KK | = |r K K | is much larger than that for the isotropic case shown in Fig.  5 and increases in proportion to (V 0 /γ 0 )
2 . This is a result of the combined effects of higher order terms in the k·p approximation leading to a trigonal warping of the band and higher order Born approximation as mentioned above. Figure 7 shows the total reflection probability |r K K | 2 +|r KK | 2 as a function of the absolute value of the potential strength for various values of d/a. The reflection exhibits a complicated resonance behavior when the potential strength exceeds γ 0 and the lowest resonance position approaches V 0 /γ 0 = ±1 with the increase of d/a. This shows clearly that this resonance is closely related to the band structure shown in Fig. 2, i. e., the peculiar behaviors at the Brillouin zone edge and center for ε/γ 0 = ±1. It is likely that some virtual bound states are formed associated with the impurity potential, but detailed mechanisms remain to be understood yet.
§4. Summary and Conclusion
In summary, we have studied the transmission and reflection coefficient of an armchair CN with a scatterer within a tight-binding model. It has been shown that the result in a k·p scheme is essentially valid unless the strength of the potential becomes comparable to the band width. A small probability of back scattering proportional to the square of potential strength appears for a scatterer with a potential without the mirror symmetry with respect to a line parallel to the tube axis. This is a result of a combination of the trigonal warping of the band arising in higher order k·p perturbations and higher order scattering. When the potential strength is comparable to the band width, a resonant enhancement of back scattering appears presumably due to the peculiar band structure of the two-dimensional graphite.
